load in C. elegans and other organisms are required to determine the extent to which this elegant tuning mechanism is conserved and whether it forms an indispensible mechanism for regulation of maternal mRNA levels. Furthermore, since target silencing is regulated by complementary sRNA levels, the most pressing question for further understanding CSR-1-mediated silencing is how geneantisense 22G RNAs are generated and how they are specifically loaded onto CSR-1.
Finally, over half the genes with CSR-1 associated sRNAs display a mild decrease in transcript levels in csr-1 mutant animals, generally for the class of genes that had a relatively lower density of complementary CSR-1 sRNAs per transcript. Does this broad decrease in transcript level reflect a role for CSR-1 slicer activity in activating gene expression? The possibility is tantalizing, given the previously reported role of CSR-1 in protection of self transcripts against the piRNA silencing pathway. One possibility is that CSR-1, guided by low concentrations of antisense 22G RNAs, generally mediates transcriptional activation of targets, but at higher 22G RNA concentrations mediates post-transcriptional gene silencing that can eclipse the activation effects. The silencing and activating functions may be spatially separated and regulated by trafficking of sRNAs and/or CSR-1 between P-granules, the nucleoplasm, and the cytoplasm. It will be exciting to follow future studies and see the emergence of a unifying model for CSR-1 function in embryogenesis and self/non-self recognition.
Endophytic fungi are found within the roots of healthy plants, but their function is poorly understood. In this issue, Hiruma et al. demonstrate that, under phosphate-limiting conditions, the endophytic fungus, Colletotrichum tofieldiae, provides growth-promoting and fitness benefits to Arabidopsis, but the plant must restrict fungal growth or risk pathogenesis.
How do mutualistic interactions evolve? Symbiotic relationships between fungi and roots, or mycorrhizae, are ancient and conserved in most land plants. Evidence exists that this symbiosis originated before the evolution of roots, over 400 million years ago, as plants moved onto land (Brundrett, 2002) . This relationship, which most commonly involves intracellular colonization of the host plant and growth of hyphae through the cell membrane, has been credited with enabling plants to access phosphorus, a macronutrient that is limiting in soils and generally inaccessible to plants in its native form. Notably, this symbiotic relationship has been lost in the Brassicaceae family, which includes the model plant, Arabidopsis thaliana.
Thus, an open question is, ''How does Arabidopsis access phosphorus in the soil''? One possible source of phosphate is from endophytes: bacteria or fungi that reside within plant roots. Plant roots provide stability while mediating nutrient and water uptake from soil teeming with bacteria, fungi, and invertebrates. Profiling the microbes associated with plant roots reveals the presence of rich and diverse bacterial (Bulgarelli et al., 2012; Lundberg et al., 2012) and fungal communities (Coleman-Derr et al., 2016; Rodriguez et al., 2009 ). However, little is known about the extent to which microbial association with roots has physiological relevance for the plant. In this issue of Cell, Hiruma et al. (2016) now demonstrate that the fungal endophyte, Colletotrichum tofieldiae (Ct), provides growth-promoting benefits for Arabidopsis under phosphate-limiting conditions. These data show that fungal endophytes can have a physiologically significant role, providing phosphorus in the absence of mycorrhizal symbiosis. This work offers insight into the evolution of symbiotic interactions and how pathogenicity and mutualism are two extremes of an interaction continuum that encompasses more nuanced relationships (Figure 1) . Hiruma et al. (2016) conduct a thorough microscopic analysis to reveal that Ct initially colonizes Arabidopsis via the roots without noticeable harm to the plant. Occasional systemic colonization of the plant does occur, but extensive hyphae growth in the aerial (above ground) part of the plant is restricted until plant death, suggesting repression of fungal growth by the plant. The authors demonstrate that the most stable interactions are formed when the fungal hyphae invade root cortex cells rather than the outermost epidermal cells.
Ct appears to promote growth when phosphate is limiting, but growth is not enhanced when phosphate supplies are adequate. Using radio-labeled phosphate, the authors demonstrate that, under phosphate deprivation, Ct-colonized roots accumulate much more phosphate than mock-inoculated plants. They also show that this phosphate accumulation is not increased in Ct-colonized plants growing on sufficient phosphate. These results provide a mechanism for the growth-promotion phenotype observed only under phosphate-limiting conditions.
A genetic analysis demonstrates that the growth-promoting benefits are dependent upon the phosphate starvation response. When colonized by Ct, double-mutant plants lacking two transcription factors involved in this response, PRH1 and PHL1, are impaired in both growth promotion and phosphate translocation under phosphate-limiting conditions. Growth of the fungus within these plants is increased, indicating that these genes regulate the extent of fungal colonization. Hence, healthy plants appear to inhibit systemic colonization by Ct.
The authors make a clever connection between the phosphate starvation response and glucosinolates, antimicrobial small molecules synthesized from tryptophan that are required for a functional fungal pathogen response. In the double-mutant cyp79B2 cyp79B3, lacking all tryptophan-derived secondary metabolites, plants are over-colonized by Ct hyphae. In fact, these plants are negatively affected by Ct under both phosphate-limiting and phosphate-sufficient conditions, resulting in over-colonization and pathogenicity.
The symbiotic relationship described here is reminiscent of the more widely studied Medicago truncatula symbiosis with arbuscular mycorrhizal fungi, which colonize cortex cells and provide phosphate at the cortex-fungal interface (Harrison, 2005) . The authors of the present study propose that the phosphateproviding benefits of Ct may have compensated for the loss of mycorrhizal symbiosis in the Brassicaceae lineage. This relationship strengthens the evidence for the intriguing continuum between pathogenicity and mutualism (Hentschel et al., 2000; Hirsch, 2004) by providing a potential mechanism by which mutualistic interactions could evolve. At one end of the spectrum is a plant in need of inaccessible phosphate. Under these conditions, association with the endophytic fungus Ct enables plants to grow healthy roots and shoots. Additionally, the fitness of the plant is increased as demonstrated by higher fecundity. When nutrient availability is adequate, the plant and fungus co-exist without any noticeable advantage or harm to the plant. At the other extreme, plants deficient in production of tryptophan-derived secondary metabolites, including antimicrobial compounds, become over colonized by Ct and die. This suggests that containment of fungal growth is essential for the beneficial interactions to take place. This work provides a simple and elegant model that may be generalizable to other symbiotic relationships. There is mounting evidence that plants and other organisms initially perceive microbes as pathogens. This defensive strategy favors hosts that protect their interests as a default and only permit microbial association when necessary or self-serving. Symbiotic relationships, such as those described in this paper, blur the lines between pathogen and mutualist, enabling hosts and microbes to adapt as the environment and/or microbial landscape changes.
